Numerous studies have suggested that glial cell line-derived neurotrophic factor (GDNF) is a potent neurotrophic molecule. We show now on a variety of cultured neurons including peripheral autonomic, sensory, and CNS dopaminergic neurons that GDNF is not trophically active unless supplemented with TGF-␤. Immunoneutralization of endogenous TGF-␤ provided by serum or TGF-␤-secreting cells, as e.g., neurons, in culture abolishes the neurotrophic effect of GDNF. The dose-response relationship required for the synergistic effect of GDNF and TGF-␤ identifies 60 pg/ml of either factor combined with 2 ng/ml of the other factor as the EC 50 . GDNF/TGF-␤ signaling employs activation of phosphatidylinositol-3 (PI-3) kinase as an intermediate step as shown by the effect of the specific PI-3 kinase inhibitor wortmannin. The synergistic action of GDNF and TGF-␤ involves protection of glycosylphosphatidylinositol (GPI)-linked receptors as shown by the restoration of their trophic effects after phosphatidylinositol-specific phospholipase C-mediated hydrolysis of GPI-anchored GDNF family receptor ␣. The biological significance of the trophic synergism of GDNF and TGF-␤ is underscored by colocalization of the receptors for TGF-␤ and GDNF on all investigated GDNFresponsive neuron populations in vivo. Moreover, the in vivo relevance of the TGF-␤/GDNF synergism is highlighted by the co-storage of TGF-␤ and GDNF in secretory vesicles of a model neuron, the chromaffin cell, and their activity-dependent release. Our results broaden the definition of a neurotrophic factor by incorporating the possibility that two factors that lack a neurotrophic activity when acting separately become neurotrophic when acting in concert. Moreover, our data may have a substantial impact on the treatment of neurodegenerative diseases.
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The discovery of glial cell line-derived neurotrophic factor (GDN F) as a neurotrophic factor for midbrain dopaminergic neurons was a hallmark in the search for novel molecules that may have relevance in the treatment of neurodegenerative diseases, as e.g., Parkinson's disease (PD; Lin et al., 1993) . The significance of GDN F is underscored by its efficacy in several animal models of PD, including nonhuman primates (Hoffer et al., 1994; Beck et al., 1995; Tomac et al., 1995a; Sauer et al., 1995; Gash et al., 1996) , ubiquitous expression in neurons of the CNS (Pochon et al., 1997) , and its widening spectrum of responsive neuron populations (Henderson et al., 1994; Arenas et al., 1995; Buj-Bello et al., 1995; Trupp et al., 1995; Farkas et al., 1997) . GDNF signals via the tyrosine kinase receptor c-Ret (Durbec et al., 1996; Trupp et al., 1996) in cooperativity with a glycosylphosphatidylinositol (GPI)-linked ␣ receptor, the GDN F family receptor ␣ (GFR␣) (Jing et al., 1996; Treanor et al., 1996) . GDNF is a member of the TGF-␤ superfamily (K ingsley, 1994) , its closest relative being neurturin (Kotzbauer et al., 1996) . Targeted mutations of the GDNF Pichel et al., 1996; Sanchez et al., 1996) or c-Ret genes (Schuchardt et al., 1994) have indicated that GDNF is essentially required for the development of the kidney, major portions of the enteric nervous system, and the sympathetic superior cervical ganglion.
TGF-␤s are widely distributed and contextually acting cytokines with prominent roles in development and cell cycle control (Roberts and Sporn, 1990; Nathan and Sporn, 1991; Alexandrow and Moses, 1995; Krieglstein et al., 1995a) . TGF-␤s have been implicated in the regulation of neuronal survival of, e.g., motoneurons (Martinou et al., 1990) , sensory neurons (Chalazonitis et al., 1992) , and midbrain dopaminergic neurons Poulsen et al., 1994) . It should be noted, however, that TGF-␤ shows no or marginal effects on highly enriched, serum-free neuron cultures, as e.g., sensory neurons (Krieglstein and Unsicker, 1996b) , suggesting that TGF-␤ may require cooperating factors for eliciting its trophic effects.
Several lines of evidence suggest that GDNF similarly may require cofactors for acting as a neurotrophic factor. First, GDNF does not support the survival of most peripheral neurons in low-density dissociated cultures and defined media (Henderson et al., 1994; Krieglstein and Unsicker, 1996a) . Second, follow-up experiments in which GDNF was shown to promote the survival of enriched peripheral autonomic and sensory neurons (Buj-Bello et al., 1995; Trupp et al., 1995) were all performed using serum throughout the whole culture period. Third, the dopaminotrophic
progesterone, 2 ϫ 10 Ϫ8 M; and selenium, 3 ϫ 10 Ϫ8 M; Sigma; Bottenstein et al., 1980) , 0.25% BSA (Sigma), 100 U/ml penicillin, 0.50 g /ml streptomycin, 100 g /ml neomycin (PSN) (Life Technologies), and incubated at 37°C in a 5% C O 2 and 95% air atmosphere (Lachmund et al., 1994) .
Mesencephalic cell cultures from embryonic rat midbrain floor (E14) were essentially established as described by Krieglstein et al. (1995b) . They were seeded at a density of 50,000 per cm 2 , cultured under serumfree conditions, and processed for immunocytochemistry on day 5 in vitro. Dopaminergic neurons were visualized using a monoclonal antibody to rat tyrosine hydroxylase (1:200, Boehringer Mannheim, Mannheim, Germany) as described previously (Krieglstein et al., 1995b) .
Embryonic rat motoneurons (Hanover-Wistar rats, E14) were prepared as described by C amu and Henderson (1992) using a two-step purification method: a density centrif ugation using a metrizamide gradient followed by a panning procedure using the monoclonal antibody MC -192 that recognizes the low-affinity NGF receptor. The purified motoneurons were seeded in 24-well plates (Nunc, Darmstadt, Germany; 1000 per well) coated with PORN/ laminin. After 15 hr all phase-bright cells without vacuolar inclusions were counted to establish the 100% value, and the neurotrophic factors were added. On day 4 in culture the percentage of surviving motoneurons was established by a final counting.
Neurons were grown with or without different recombinant neurotrophic factors [NGF, Boehringer Mannheim; C N TF, GDN F, FGF-2, and TGF-␤2, IC Chemikalien; TGF-␤1 and TGF-␤3, a gift from Dr. M.B. Sporn; bone morphogenetic proteins (BM Ps) 2, 4, 6, 7, and 12, provided by Dr. V. Rosen, Genetics Institute; protein lysate from bovine chromaffin granules, Krieglstein and Unsicker, 1997] , serum (horse serum, Life Technologies; fetal calf serum, PAA laboratories, EuroBio, PAN Systems), or neutralizing antibodies to TGF-␤1, TGF-␤2, and TGF-␤3 (10 g /ml; Genzyme, Boston, M A; catalog #1835-01) or to GDN F (20 g /ml; Santa Cruz Biotechnology, Santa Cruz, CA). Chick ciliary ganglia (CG) neurons were grown in the presence of wortmannin (C albiochem, La Jolla, CA) or were incubated for 1 hr at 37°C with 100 mU phosphatidylinositol-specific phospholipase C (PI PLC) (Boehringer Mannheim) or 100 mU PI PLC plus 2 ng /ml TGF-␤1, or they were incubated without enzyme before the addition of growth factors. At appropriate times [CG, 24 hr; DRG, 48 hr, lumbar sympathetic ganglia (SG), 72 hr] cultures were fixed by addition of 2.5% glutaraldehyde in PBS. Numbers of surviving neurons were determined by direct counting of 30% of the surface area using phase contrast microscopy.
The isolation of bovine adrenal medullary chromaffin cells was performed by collagenase digestion and Percoll gradient centrif ugation essentially as described by Unsicker et al. (1980) . Chromaffin cells at 95% purity were seeded into 25 cm 2 plastic culture flasks (Falcon) at a density of 200,000 cells/cm 2 and grown in 5 ml DM EM / N1. After 30 hr the cultures were washed three times with medium and incubated for 15 min at 37°C in 2 ml prewarmed DM EM / N1 with or without of the following secretagogues: carbachol (100 M; Sigma), carbachol (100 M) plus verapamil (10 M; Sigma), or the calcium ionophore A23187 (2 M; Sigma). B49, C OS cells, and N IH 3T3 fibroblasts were grown in 10% FC S -DM EM with PSN, and baby hamster kidney cells in DM EM-F12 with 5% FC S and PSN in plastic culture flasks (Falcon). Conditioned medium of confluent cultures was collected over a period of 48 hr. Determination of TGF␤ activity was performed by using mink lung epithelial cells (ML EC) stably transfected with a luciferase reporter gene under the control of a truncated PAI-1 promotor (Abe et al., 1994 ; kindly provided by Dr. Rifkin, New York University) as described earlier (Krieglstein and Unsicker, 1995) . Transfected ML EC cultures were plated in a 96-well microtiter plate (Costar) at a density of 1.6 ϫ 10 4 cells per well in DM EM (high glucose) with 10% FC S and geneticin (250 g /ml) and allowed to attach for 3 hr at 37°C in a 5% C O 2 incubator. The medium was then replaced with 100 l of test sample and incubated overnight at 37°C in a 5% C O 2 incubator. C ells were washed twice with PBS and lysed by using 100 l of lysis buffer (Promega, Madison, W I) for 2-3 hr at RT. To determine TGF-␤ activity, 80 l of the lysates were transferred to a test tube and analyzed using a L uminometer (EG&G Berthold, Bad Wildbach, Germany) by 100 l injections of luciferase reagent (Berthold Detection Systems, Pfortzheim, Germany). L uciferase activity was reported as relative light units (RLU), and all assays were performed in triplicate.
RT-PCR. RT-PCR was used to determine the expression pattern of TGF-␤2 and TGF-␤3 along with T␤R-II, GFR␣-1, and c-ret (receptor components involved in TGF-␤ or GDNF signaling) in postnatal day 0 (P0) ventral mesencephalon, dorsal root ganglia, and E14 purified motoneurons. Expression of TGF-␤1, TGF-␤2, TGF-␤3, and GDNF was also determined in dissociated purified bovine adrenal chromaffin cells. Total RNA was isolated by Trizol (Life Technologies) according to the manufacturer's instruction and were treated with RQ1 DNase (Promega) to exclude amplification of contaminating genomic DNA in subsequent manipulations. Total RNA was subjected to reverse transcription. Total RNA (1 g/ reaction) was added to a "master mix" (24 l) containing final concentrations of 0.5ϫ first strand buffer (Life Technologies), 0.66 U/l RNase inhibitor (MBI Fermentas), 10 mM dithiothreitol (DTT), 1.5 M oligo-dT primer (Life Technologies), and 0.3 mM deoxyribonucleoside triphosphates (dNTPs) (Pharmacia, Freiburg, Germany). Sample mixtures were then heated to 65°C for 10 min. After cooling to 42°C, 200 U (5 l) M-MLV reverse transcriptase (Life Technologies) and 5ϫ first strand buffer to a final concentration of 1ϫ were added. Reactions were incubated at 37°C for 60 min and were then stopped by incubation at 75°C for 10 min. After reverse transcription each cDNA sample was subjected to PCR amplification using specific primers as follows: TGF-␤1 forward 5Ј-AAGAACTGCTGTGTTCGTCAGC-3Ј and reverse 5Ј-GAT-CATGTTGGACAACTGCTCC-3Ј;TGF-␤2forward(bovine)5Ј-TGGATG-CCGCCTATTGCTTTAGG-3Ј, forward (rat) 5Ј-CTACAGACTGGAG-TCCCAGC-3Ј, and reverse (bovine, rat) 5Ј-CATGTTGGAAAGTTGT-TCGATC-3Ј; TGF-␤3 forward (bovine, rat) 5Ј-GGAAATCAAATTCAA-AGGAGTGG-3Ј and reverse (bovine, rat) 5Ј-AGTTGGCATAGTAAC-CCTTAGG-3Ј; GDNF forward 5Ј-GGTCTACGGAGACCGGATCCG-AGGTGC-3Ј and reverse 5Ј-TCTCTGGAGCCAGGGTCAGATACA-TC-3Ј; T␤R-II forward 5Ј-GCTGCATATCGTCCTGTG-3Ј and reverse 5Ј-CGTGGTAGGTGAGCTTGG-3Ј; GFR␣-1 forward 5Ј-GCACAGCTACGGGATGCTCTTCTG-3Ј and reverse 5Ј-GTAGTT-GGGAGTCATGACTGTGCCAATC-3Ј; c-ret forward 5Ј-TGGCACACCTCTGCTCTATG-3Ј and reverse 5Ј-TGTTC-CCAGGAACTGTGGTC-3Ј; and S6 forward 5Ј-CTCCAAAGAAG-ATGATGTCC-3Ј and reverse 5Ј-TTTAGAAGTAGAAGCTCTCAG-3Ј. PCR reactions were performed in 0.2 ml thin-walled reaction tubes using the "hot-start" method in a Perkin-Elmer GeneAmp PCR system 9600. Reagents were assembled in a final volume of 50 l, and final concentrations of reagents were as follows: 5 l first strand cDNA, 1 M forward primer, 1 M reverse primer, 1ϫ PCR buffer (Life Technologies), 1 mM MgCl 2 , 100 mM dNTPs (Pharmacia) and RNase-free water to 50 l. Samples were initially denatured at 94°C for 4 min and 1.25 U recombinant Taq DNA polymerase (Life Technologies) was then added. Thermocycling parameters were then 30 sec denaturation at 95°C, 30 sec annealing at 60°C, and 30 sec extension at 72°C repeated for 32 cycles with a final extension step at 72°C for 5 min. Aliquots (5 l) of the PCR reaction were run on 0.2% agarose gels, and the size of the reaction products was determined after ethidium bromide staining. Identity of TGF-␤ reaction products (TGF-␤1, TGF-2, and TGF-3) was confirmed by Southern blotting and hybridization. Five microliters of each TGF␤ and S6 amplification products were run on 2% agarose gels and blotted to Hybond-N ϩ nylon membranes (Amersham, Braunschweig, Germany). Membranes were probed using internal oligonucleotide sequences (TGF-␤1 5Ј-TTGGGCTTGCGAC-CCACGTAGT-3Ј; TGF-␤2 5Ј-TGGATGCCGCCTATTGCTTTAGG-3Ј; TGF-␤3 5Ј-AGATGACCATGGCCGTGGAGACC-3Ј; and S6 5Ј-GGAGGCTGCAGAATATGCTAAACT-3Ј) labeled with TdT (terminal deoxynucleotidyl transferase; AGS, Heidelberg, Germany) using 32 P-gamma-ATP (DuPont NEN, Boston, MA). Signal intensities were analyzed by ImageQuant/PhosphorImager (Molecular Dynamics).
Immunohistochemistr y, immunoprecipitation, and Western blotting. Immunohistochemistry was essentially performed as described previously . White Leghorn chick embryos (E8) were fixed by immersion in ice-cold Bouin solution for 4 hr . Pregnant Wistar rats were killed by C O 2 aspiration, and embryos (E21) were removed and fixed by transcardial perf usion with 4% paraformaldehyde buffered in PBS. The spinal cord of newborn (P0) Wistar rats was removed after transcardial perf usion with 10% neutral buffered formol and post-fixed in Bouin solution. Tissue pieces were dehydrated in increasing concentrations of ethanol and embedded in paraffin wax. Sections (10 m) from E21 rat adrenal glands were deparaffinized and incubated for 30 min in 10% horse serum (HS), 1% BSA, and 0.1% Triton X-100. Sections were then exposed to either anti-chromogranin A antibody (rabbit polyclonal 1:200, Dakopatts, Copenhagen, Denmark; or mouse monoclonal 1:100, kindly provided by Dr. W. Huttner, University of Heidelberg) at 4°C overnight, followed by incubation with anti-GDN F antibody (rabbit polyclonal 1:200, Santa Cruz Biotechnology; or mouse monoclonal 1:100, R & D Systems, Minneapolis, M N). As a specificity control, consecutive rather than identical sections were incubated with just one primary antibody at a time and processed similarly. Specificity of the stainings was verified by omitting the first antibody, by preabsorbing with an excess of antigen (rhGDN F, bovine chromaffin granule lysates containing chromogranin A), and by Western blotting of bovine chromaffin cell and granule lysates (see this study and Huttner et al., 1991; Bieger et al., 1995; Krieglstein et al., 1996) . Cultured bovine chromaffin cells were processed similarly after a 10 min fixation using 4% paraformaldehyde buffered with PBS. Paraffin sections (5-10 m) from rat spinal cord (P0) or chicken DRG (E8) were rehydrated, and antigen unmasking was performed by microwave treatment in 10 mM citrate buffer. After blocking with serum, sections were immunostained for TGF-␤2, TGF-␤3, or T␤R-II (TGF-␤2, sc-90; TGF-␤3, sc-82; and T␤R-II, sc-400, Santa Cruz Biotechnology) using the isoform-specific antibodies at dilutions of 1:200 -1:500. The immunostaining was visualized using the streptavidin-C y3 method as previously described . E xperimental controls were performed by replacing the primary antibody with normal rabbit serum, preincubation with the corresponding antigen, and by immunoprecipitation (data not shown, Krieglstein et al., 1998) .
For immunoprecipitation of GDN F or TGF-␤1, samples were incubated with 10 l /ml of the appropriate agarose-conjugated antibody (polyclonal rabbit anti-GDN F or anti-TGF-␤1, Santa Cruz Biotechnology) at 4°C overnight under mild agitation. Samples were washed with PBS and then resuspended in 50 l of electrophoresis sample buffer and boiled for 2 min. Samples were separated by electrophoresis on a 12.5% SDS -polyacrylamide gel and transferred to nitrocellulose membrane (Hybond; Amersham) as described earlier (Bieger et al., 1995) . For dot blot analysis 2 l (40 ng) of each growth factor sample was loaded onto nitrocellulose membrane. The membranes were blocked with 3% low fat milk powder and 0.1% BSA in Tris-buffered saline (TBS), pH 7.3, incubated with primary antibody (1:200 in 0.1% BSA-TBS) overnight at 4°C followed by peroxidase conjugated anti-rabbit antibody (1:2000 in 0.1% BSA-TBS). Finally, the membrane was developed using the Amersham enhanced chemiluminescence (ECL) detection system.
RESULTS
The neurotrophic action of GDNF on several populations of peripheral and CNS neurons essentially requires TGF-␤ GDNF has been proposed as a potent neurotrophic factor for a variety of cultured C NS and peripheral neurons. All of these cultures share significant cellular complexity and /or the use of serum resulting in uncontrolled trophic conditions. A well known constituent of almost every cell type as well as serum is TGF-␤ (Roberts and Sporn, 1990) . Quantitative determinations of TGF-␤ (biological activity) in cultures of B49 (from which GDNF was originally isolated), BHK , C OS cells, and 3T3 fibroblasts (frequently used for transfection experiments) revealed that these cells secrete within 48 hr 0.2 to 0.4 ng /ml TGF-␤ into their culture medium (data not shown; cf. Abe et al., 1994; Krieglstein and Unsicker, 1995) . Different batches of fetal calf and horse sera contain varying, but significant amounts of TGF-␤ (0.1-0.2 ng/ml in culture media with 10% serum; data not shown).
Using chick ciliary ganglionic neurons as an example, Figure  1 A demonstrates that GDNF supplemented with 10% horse serum maintains neurons over a 24 hr period as effectively as a saturating concentration of CNTF (5 ng/ml). However, administering culture medium that had been preincubated with neutralizing antibodies to TGF-␤ (10 g/ml, known to neutralize Ͼ95% of 1 ng/ml of TGF-␤ isoforms TGF-␤1, TGF-␤2, and TGF-␤3; for specificity of the antibody, see Fig. 1 B) significantly reduced the effect of GDNF, suggesting that GDNF requires TGF-␤ for displaying its trophic effect. Consistent with this notion, if a serum-containing culture medium was replaced with a fully defined culture medium, both GDNF and TGF-␤ alone (each at the saturating amount of 2 ng/ml) showed only marginal survivalpromoting effects. However, when combined, the two factors promoted neurons as effectively as CNTF. To determine doseresponse relationships required for the synergistic effect of GDNF and TGF-␤, each single factor at a concentration of 2 ng/ml was titrated in combination with serial dilutions of the other one. As shown in Figure 1C , 60 pg/ml of either factor combined with 2 ng/ml of the other factor represented the EC 50 . The combination of 0.25 ng/ml and 2 ng/ml already elicited saturating effects. All isoforms of TGF-␤ (TGF-␤1, TGF-␤2, and TGF-␤3) were consistently equipotent under the conditions used (data not shown). TGF-␤ could not be replaced by BMP2, 4, 7, or 12 (data not shown). We conclude that the combination of purified recombinant TGF-␤ and GDNF promotes ciliary ganglionic neuron survival to the same extent as CNTF, whereas each single factor is virtually ineffective. The combinatorial effect is specific in that TGF-␤ cannot be replaced by other members of the TGF-␤ superfamily.
To investigate whether the synergistic effect of GDNF and TGF-␤ also applied to other populations of peripheral neurons, identical experiments were performed using chick sensory (DRG) and paravertebral sympathetic neurons isolated from E8 embryos. As shown in Figure 1 , D and E, GDNF and TGF-␤, when coadministered to serum-free cultures, maintained sensory and sympathetic neurons, respectively, as supported by a saturating concentration of NGF (5 ng/ml). Again, 10% horse serum substituted for TGF-␤.
To exclude that the above effects are restricted to a brief developmental time window, the same set of experiments was performed on ciliary, sensory DRG and sympathetic neurons from E10 and E12 chick embryos. Figure 2 A, B shows that coadministration of GDNF and TGF-␤ mimicked the survivalpromoting effect of CNTF or NGF, respectively, at all ages and on all neuron populations studied.
To establish that neurons from chick as well as mammals responded in a similar manner to GDNF and TGF-␤, lumbar DRG neurons from E14 rat embryos were subject to the same treatments as above. Figure 3A shows that, in contrast to NGF, the GDNF-mediated survival-promoting effect in the presence of 10% horse serum was abolished by a saturating amount (10 g/ml) of neutralizing antibodies to TGF-␤.
As GDNF was first characterized by its pronounced trophic effects on midbrain dopaminergic neurons, we asked whether this effect was dependent on or independent from TGF-␤. As shown in Figure 3B , GDNF and TGF-␤ each promoted the survival of dopaminergic neurons under serum-free conditions approximately twofold as compared with untreated control cultures. Combinations of the factors further enhanced survival (threefold as compared with controls). Addition of neutralizing antibodies to TGF-␤ (10 g/ml) abolished the trophic effect of GDNF.
Motoneurons have been the only neuron population studied so far that showed a convincing neurotrophic response to recombinant GDN F (cf. Henderson et al., 1994) . Even so, as shown in Figure 3C , TGF-␤ significantly enhanced the trophic effect of GDNF. In contrast to dopaminergic neurons, however, antibodies to TGF-␤ (10 g/ml) failed to reduce survival in the absence of exogenous factors.
In summary, the above data indicate that TGF-␤ is required to have GDN F exert its f ull neurotrophic potential on both peripheral and C NS neurons.
TGF-␤ synergizes with GDNF by protecting GPI-linked receptors
To begin to characterize details of the specific signal transduction pathway used by GDN F to cooperate with TGF-␤, we investigated whether activation of PI-3 kinase that has been shown as an early event in GDN F/c-ret-mediated signal transduction (van Weering and Bos, 1997) was involved. Figure 4 A shows that the specific PI-3 kinase inhibitor wortmannin at a concentration of 0.25 M completely abolished the survival-promoting effect of GDNF in conjunction with TGF-␤ on cultured ciliary ganglionic neurons. Wortmannin did not interfere with the survivalpromoting effect of CNTF, indicating that activation of PI-3 kinase is an essential event in mediating the survival-promoting effect of GDNF/TGF-␤, but not that of CNTF. Furthermore, this result indicates that wortmannin did not unspecifically compromise survival.
We next asked whether TGF-␤ might be involved in the stabilization and recruitment of the GPI-linked GFR␣. PIPLC at a concentration of 0.1 U/ml was used to hydrolyze the GPIanchored receptors on dissociated ciliary neurons before plating. This procedure effectively reduced the survival-promoting effect of CNTF (which utilizes the GPI-anchored GPAR␣; Heller et al., 1995) without affecting the survival-promoting effect of FGF-2 (Fig. 4 B) . Hydrolysis of GPI-linked receptors significantly reduced the survival-promoting effect of GDNF in its combination with TGF-␤. However, when the PIPLC pretreatment was conducted in the presence of TGF-␤ (2 ng/ml TGF-␤1) the survivalpromoting effects of GDNF and CNTF were maintained (Fig.  4 B) . These data suggest an essential involvement of a GPI-linked Figure 1 . Survival of peripheral autonomic and sensory neurons by the synergistic action of GDN F and TGF-␤. A, Neurons from CG, DRG, and SG ganglia were isolated at E8 and grown under the indicated conditions. Neurons were maintained in serumcontaining medium (10% HS) ( gray bars) or in serum-free medium (white bars). In the presence of serum, addition of a saturating concentration of GDN F promoted survival of each of the three neuron populations at levels identical to those achieved by addition of the respective neurotrophic factor (C N TF for CG, NGF for DRG and SG neurons; 10 ng /ml each) to serum-free culture media. Addition of a neutralizing antibody to TGF-␤1, TGF-␤2, and TGF-␤3 (a-TGF-␤, 10 g/ml) reduced neuron survival to levels seen with the addition of serum alone, suggesting that GDN F required TGF-␤ in the serum to achieve its survival-promoting effect. In serum-free conditions, GDN F and TGF-␤-1 (2 ng/ml), when added separately had virtually no survival-promoting effect. However, when combined at optimal concentrations, both factors permitted neuron survival at levels identical to those achieved with the established neurotrophic factors C N TF and NGF, respectively. Data are given as mean Ϯ SEM (n ϭ 6), p values derived from Student's t test are ***p Ͻ 0.001 for increased survival as compared with single factors and ϩϩϩp Ͻ 0.001 for decreased survival after antibody treatment. B, Dot blot showing that the anti-TGF-␤ antibody recognizes TGF-␤1 and TGF-␤3, but not any other TGF-␤ superfamily or neurotrophin family member tested. C, Doseresponse curve for the combined action of GDNF and TGF-␤ on chick ciliary neurons. Squares represent neuron survival achieved in the presence of a constant amount of GDNF (2 ng/ml) plus the indicated amounts of TGF-␤1. Circles represent neuron survival achieved in the presence of a constant amount of TGF-␤1 (2 ng/ml) plus the indicated amounts of GDN F. receptor component in the neurotrophic effect of GDNF and a possible role of TGF-␤ in the stabilization and /or recruitment of the ␣ receptor component.
Expression of TGF-␤s and TGF-␤ receptor (T␤R-II) in GDNF-responsive neuron populations in vivo
To investigate whether neuron populations known to be responsive to GDN F coexpress TGF-␤ receptor and its ligands in vivo, we studied expression of both mRNA and protein in select neurons of the C NS and peripheral nervous system. As shown in Figure 5 motoneurons purified from E14 rat spinal cord, DRG, and ventral mesencephalon from newborn rat expressed mRNA signals for TGF-␤2, TGF-␤3, and T␤R-II along with the GDNF receptors GFR␣-1 and c-ret. Figure 6 demonstrates the cellular localization of TGF-␤2, TGF-␤3, and T␤R-II immunoreactivities in DRG (E8 chick) and spinal motoneurons (neonatal rat). These data are supplemented by previously published results compiled in Table 1 , showing that the investigated neuron populations are well equipped with receptors for GDN F and TGF-␤ in vivo. Moreover, these neurons also express the ligand TGF-␤, whereas GDNF is consistently found in neuronal target areas. Together, these data make a compelling case for an in vivo scenario of GDNF and TGF-␤ cooperativity.
Co-release of GDNF and TGF-␤ from a model neuron, the chromaffin cell
To further investigate the biological significance of the cotrophic action of GDNF and TGF-␤ we studied their putative co-release. The best-established model system for studying secretion from a neuron is the chromaffin cell (Neher and Marty, 1982; Burgoyne et al., 1989; Huttner et al., 1991; Unsicker, 1993; Ferro-Novick and Jahn, 1994; Jahn and Südhoff, 1994) . Chromaffin cells are known to store within their secretory granules ("chromaffin granules") and release after stimulation with a cholinergic agonist a neurotrophic activity, which has been shown to promote in vitro the survival of a number of neuron populations, including chick ciliary ganglionic neurons ( Fig. 7 ; Unsicker and Lietzke, 1987; Lachmund et al., 1994; . Few protein growth factors have been identified in the past that can promote the survival of chick ciliary ganglionic neurons in vitro in the absence of serum. These are the ciliary neurotrophic factor (CNTF; Barbin et al., 1984) , growth-promoting activity (GPA; Figure 2 . Assay as performed in Figure 1 A using neurons from the respective ganglia of chick E10 ( A) and E12 ( B) embryos. Data indicate that the GDNF/TGF-␤ synergism also applies to neurons at more advanced stages of development. Data are given as mean Ϯ SEM (n ϭ 6), p values derived from Student's t test are ***p Ͻ 0.001 for increased survival as compared with single factors and ϩϩϩp Ͻ 0.001 for decreased survival after antibody treatment. Eckenstein et al., 1990) , possibly the chick homolog of CNTF, and basic fibroblast growth factor (FGF-2; . Although CNTF and FGF-2 are synthesized by chromaffin cells (Bieger et al., 1995; K. Krohn, personal communication) , previous investigations and the present study reveal that both FGF-2 (Stachowiak et al., 1994; Bieger et al., 1995) and CNTF (see below) are excluded from chromaffin granules. This observation is consistent with the lack of a conventional signal peptide in the FGF-2 and CNTF molecules that would target these proteins to the rough endoplasmic reticulum and Golgi network for secretion. Moreover, chromaffin granules do not contain any detectable CNTF, as assayable using a highly sensitive CNTF-ELISA Figure 3 . Survival-promoting effect of GDN F and TGF-␤ on rat DRG neurons ( A), rat mesencephalic dopaminergic neurons ( B), and rat motoneurons ( C). A, Dissociated DRG (E14) cultures were treated with GDNF (10 ng/ml), NGF (10 ng /ml), anti-TGF-␤ antibodies (10 g/ml), or NGF or GDNF plus anti-TGF-␤ antibodies in the presence of 10% horse serum. Data are given as mean Ϯ SEM (n ϭ 6), p values derived from Student's t test are ***p Ͻ 0.001 for increased survival as compared with untreated controls and ϩϩϩp Ͻ 0.001 for decreased survival after antibody treatment. B, Dissociated mesencephalic dopaminergic neurons (E14) were cultured at a density of 50,000 cells/cm 2 in serum-free medium and treated with GDNF (2 ng /ml), TGF-␤3 (2 ng /ml), GDN F plus TGF-␤3, or GDNF plus anti-TGF-␤ antibodies (10 g/ml). Data are given as mean Ϯ SEM (n ϭ 4), p values derived from Student's t test are ϩϩϩp Ͻ 0.001 for decreased survival after antibody treatment. C, Dissociated purified motoneurons (E14) were cultured for 4 d using serumfree medium and treated with GDN F in the absence or presence, respectively, of different amounts of TGF-␤1 or anti-TGF-␤ antibodies (10 g/ml). Data are given as mean Ϯ SEM (n ϭ 4) and expressed in percent of cells present at day 1. (E8) were treated with GDNF (2 ng /ml), TGF-␤1 (2 ng /ml), GDN F plus TGF-␤1 (2 ng/ml each), and GDN F plus TGF-␤1 plus wortmannin (0.25 M), a specific inhibitor of PI-3 kinase. Wortmannin abolishes GDN F/ TGF-␤-mediated survival of ciliary ganglionic neurons, indicating that PI-3 kinase is an essential mediator in signal transduction of the combined action of GDNF and TGF-␤. Data are given as mean Ϯ SEM (n ϭ 6), p values derived from Student's t test are ϩϩϩp Ͻ 0.001 for decreased survival after wortmannin treatment. B, Chick ciliary ganglionic neurons were treated with C N TF (2 ng /ml), FGF-2 (10 ng /ml), and GDN F plus TGF-␤1 (2 ng/ml each; white bars) after pretreatment with PI PLC (100 mU, 1 hr), which liberates GPI-anchored cytokine receptors from the plasma membrane. PI PLC interferes, as expected, with the survival-promoting effect of C N TF but not that of FGF-2. Pretreatment of isolated ciliary neurons with PI PLC significantly reduces the survival-promoting effect of GDNF and TGF-␤ consistent with the essential role of a GPI-linked GFR␣ in GDN F signal transduction. Addition of both PI PLC and TGF-␤ to isolated ciliary neurons protects the GPI-linked ␣-receptors, suggesting that the synergistic neurotrophic action of GDN F and TGF-␤ may be caused by a protective action of TGF-␤ on the GFR␣. Data are given as mean Ϯ SEM (n ϭ 6), p values derived from Student's t test are ϩϩϩp Ͻ 0.001 for decreased survival after PI PLC treatment and ***p Ͻ 0.001 for increased survival in the presence of TGF-␤1.
technique with a detection limit of Ͻ0.3 ng /ml (Maysinger et al., 1996 ; data not shown).
Having shown that (1) chromaffin granule lysates promote ciliary ganglionic neuron survival, and (2) GDN F and TGF-␤ can mimic the neurotrophic effects of C N TF or FGF-2, respectively, on these neurons, we asked whether GDN F and TGF-␤ are synthesized, stored, and released from chromaffin cells. Figure 8 shows that transcripts for GDN F, TGF-␤1, TGF-␤2, and TGF-␤3 can be detected by RT-PCR in bovine chromaffin cells. We next asked whether GDN F was localized within chromaffin granules. Figure 9 shows immunolocalizations of the chromaffin granulespecific marker chromogranin A (Winkler and Fischer-Colbrie, 1992) and GDN F in rat adrenal chromaffin tissue (Fig. 9A) and cultured bovine chromaffin cells (Fig. 9B) , suggesting that both immunoreactivities are colocalized in chromaffin granules. Western blotting confirmed that protein lysates from bovine chromaffin granules contained immunoreactive GDN F and TGF-␤1 at their correct sizes (Fig. 10) . We next analyzed supernatants from cultured bovine chromaffin cells for the release of immunoreactive GDNF and TGF-␤ using immunopreciptation and Western blotting. As shown in Figure 10 , stimulation with the cholinergic agonist carbachol (10 Ϫ5 M, 15 min) induced release into the culture supernatant of immunoprecipitable TGF-␤1 as well as GDNF, suggesting their activity-dependent co-release from chromaffin granules. Stimulation with carbachol in the presence of the Ca 2ϩ channel blocker verapamil reduced amounts of TGF-␤1 and GDNF in culture supernatants by ϳ50% as determined by densitometric evaluation of Western blots. Likewise, exposure of chromaffin cells to the calcium ionophore A 23187 resulted in the accumulation of TGF-␤1 and GDNF in culture supernatants. These data suggest a regulated activity-dependent release of both TGF-␤1 and GDNF from a neuronal secretory organelle, the chromaffin granule.
Having shown that GDNF and TGF-␤ are co-stored in and co-released from chromaffin granules, we tested whether neutralizing antibodies to either GDNF or TGF-␤ would block the trophic activity in chromaffin granule lysates for ciliary ganglionic neurons. Figure 7 provides evidence that both antibodies when applied separately significantly reduced the survival-promoting effect of chromaffin granule protein on cultured ciliary ganglionic neurons. Neutralization of both GDNF and TGF-␤ activity completely abolished the activity. These results suggest that GDNF and TGF-␤ are the active "ciliary" neurotrophic components stored in chromaffin granules. More importantly, they underscore the presence, availability, and potency of the neurotrophic activity resulting from the GDNF/TGF-␤ synergism.
DISCUSSION

The novel scenario of GDNF-mediated neurotrophic actions
The present study identifies TGF-␤, which is widely expressed in the developing and adult nervous system Unsicker et al., 1991) as an essential component in GDNFmediated neurotrophic actions. Initial studies with GDNF had suggested that the protein fails to elicit neurotrophic effects on most highly purified neuron populations in vitro (Henderson et al., 1994) but promotes neuron survival if administered to complex culture systems (Lin et al., 1993; Ebendal et al., 1995; Buj-Bello et al., 1995; Trupp et al., 1995) . Our findings broaden the definition of a neurotrophic factor by incorporating the possibility that two factors that lack a neurotrophic activity when acting separately become neurotrophic when acting in concert. Our findings may also imply that activities of established neurotrophic factors might result, entirely or in part, from endogenously present cofactors. Previous studies have illustrated that the magnitude of effects elicited by neurotrophic factors may be substantially affected by endogenous factors (Krieglstein and Unsicker, 1996b) .
The contextual actions of TGF-␤
TGF-␤ is a member of a still growing superfamily of multifunctional cytokines with prominent roles in development, differentiation, and cell cycle control (for review, see Roberts and Sporn, 1990; Alexandrow and Moses, 1995; Hogan, 1996) . Three isoforms, TGF-␤1, TGF-␤2, and TGF-␤3 have been identified in mammalian tissues. In the developing and unlesioned adult nervous system TGF-␤1 expression seems to be restricted to meninges and choroid plexus, whereas TGF-␤2 and TGF-␤3 are coexpressed in astroglial and Schwann cells as well as in many populations of central and peripheral neurons, especially in longrange projecting neurons (for review, see Krieglstein et al., Figure 5 . RT-PCR (30 cycles) of P0 rat tissues and E14 purified motoneurons with primers specific for TGF-␤2 (355 bp), TGF-␤3 (290 bp), T␤R-II (296 bp), GFR␣-1 (286 bp), and c-ret (185 bp). PCR products obtained from rat ventral mesencephalon, DRG and purified motoneurons, and a 100 bp ladder are shown. Arrows indicate the size of the PCR products.
1995a). Current knowledge on f unctions of TGF-␤ in the nervous system is deduced from in vitro and in vivo lesioning studies. The available mouse mutants that are defective for either one of the three isoforms (Shull et al., 1992; Kulkarni et al., 1993; Kaartinen et al., 1995; Proetzel et al., 1995; Sanford et al., 1997) have failed to reveal overt deficits in neural structure and f unction, possibly by virtue of compensatory effects of the remaining isoforms. In contrast, mouse embryos deficient for the TGF-␤ receptor type II (TR␤II; Oshima et al., 1996) are lethal at E10.5, suggesting the general importance of TGF-␤ signaling in development. Functions of TGF-␤ on neural cells in vitro include regulation of extracellular matrix and proliferation of astroglial cells (Flanders , 1993) . TGF-␤ can promote neuron survival in vitro when administered to complex culture systems (Krieglstein et al., 1995b) , but shows little or no effect on highly enriched or purified neurons (Krieglstein and Unsicker, 1996b ; this study). All TGF-␤ isoforms are known for the strong contextuality of their actions (Nathan and Sporn, 1991) . E xamples of contextual actions of TGF-␤ on neural cells include stimulation of proliferation of Schwann cells (Schubert, 1992) and inhibition of astroglial cell proliferation in the absence and presence, respectively, of FGF-2 . The present study adds a new dimension to the contextual potential of TGF-␤ in the nervous system by identif ying TGF-␤ as a molecule that crucially determines the neurotrophic potential of GDN F.
Dependence of GDN F on the presence of a cofactor may not be surprising in light of the reported neurotrophic potential of neurturin and persephin, two recently discovered members of the GDNF subfamily (Kotzbauer et al., 1996; Milbrandt et al., 1998) . On dissociated rat sympathetic neurons, neurturin is ineffective unless neurons are primed with NGF ; persephin does not support peripheral neurons at all (Milbrandt et al., 1998) .
GDNF as a survival factor for peripheral and central neurons
GDNF is a distantly related member of the TGF-␤ superfamily classified by its structural characteristics (for review, see Lin et al., 1993; Eigenbrot and Gerber, 1997; cf. Unsicker et al., 1998) . However, in contrast to TGF-␤, GDNF has been shown to employ for its signaling a heteromeric tyrosine kinase receptor system that consists of a GPI-linked ␣-receptor (GFR␣, Jing et al., 1996; Treanor et al., 1996) and the receptor tyrosine kinase Ret (Durbec et al., 1996; Trupp et al., 1996) . Striking similarities in the phenotypes of mice deficient for GDNF Pichel et al., 1996; Sanchez et al., 1996) or its functional receptor Ret (Schuchardt et al., 1994) , respectively, suggest sig- Flanders et al., 1991; b, Unsicker et al., 1991; c, Pachnis et al., 1993; d, Avantaggiato et al., 1994; e, Henderson et al., 1994; f, Buj-Bello et al., 1995; g, Tsuzuki et al., 1995; h, Nakamura et al., 1996; i, Nosrat et al., 1996; j, Trupp et al., 1996; l, Wright and Snider, 1996; m, Baloh et al., 1997; n, Pochon et al., 1997; o, Trupp et al., 1997; p, Widenfalk et al., 1997; q, Bennett et al., 1998; r, Krieglstein et al., 1998; s, Yu et al., 1998 ; t, Figure 5 , this study; u, Figure 6 , this study; *, L. Farkas, personal communication; ?, not determined. Data were obtained from mouse (a,c,d,l,p), rat (b,e,g,i,j,m,n,o,q,s,t,u) , or chicken (f,h,k,r,u) tissues. ϩ, Positive signal detected. Figure 7 . The soluble proteins of chromaffin granules (VP) promote the survival of chick ciliary ganglionic neurons at a level identical to that achieved with a saturating concentration of C N TF (10 ng /ml). Addition of neutralizing antibodies to either GDN F (20 g/ml) or the TGF-␤s TGF-␤1, TGF-␤2, and TGF-␤3 (10 g/ml) significantly reduces the promoting effect of VP. Addition of both antibodies completely abolishes the neurotrophic effect of VP (0.5 mg /ml), suggesting that GDN F and TGF-␤ are the long-sought ciliary neurotrophic proteins contained in V P. Data are given as mean Ϯ SEM (n ϭ 6), p values derived from Student's t test are ***p Ͻ 0.001 for decreased survival after antibody treatment. nificant interdependence during development. K idney agenesis and the loss of the enteric nervous system are the prominent features of the mice lacking either GDN F or its receptor Ret. With regard to defects of the developing nervous system deficits in the number of lumbar and trigeminal, but not facial motoneurons, as well as trigeminal sensory, nodose-petrosal, dorsal root ganglionic neurons, and sympathetic neurons have been reported Pichel et al., 1996) . Surprisingly, the number of TH-immunoreactive neurons in the substantia nigra and the density of dopaminergic nerve terminals in the striatum seemed to be unaffected. The present study underscores the developmental requirements of several neuron populations for GDNF. With regard to dopaminergic neurons GDN F does not seem to be a major survival factor for prenatal neurons, but may be more important in postnatal maturation of the nigrostriatal system. However, our analysis also shows that dopaminergic neurons, like the peripheral neurons tested, essentially require both GDNF and its cofactor TGF-␤.
Molecular bases underlying the GDNF/TGF-␤ cooperativity
Synergisms of TGF-␤ and other cytokines, most notably FGF-2, in regulating a variety of developmental processes, are well documented in vitro. Thus, TGF-␤ and FGF-2 synergistically promote early embryonic development in the fourth cell cycle (Larson et al., 1992) , induce chondrogenesis (Frenz et al., 1994) and angiogenesis (Gajdusek et al., 1993) , and, most recently, have been shown to mediate myogenic signals from the neural tube (Stern et al., 1997) . However, in none of the above scenarios the underlying molecular mechanisms have been reported. Our study suggests that TGF-␤/GDN F cooperativity may occur at two crucial steps of signal transduction. First, an important component of GDNF/ TGF-␤ signaling has been identified as an activation of PI-3 kinase. GDN F-induced Ret signaling has been shown to activate at least two distinct pathways, the Ras-ERK2 and a PI-3 kinase-involving pathway (van Weering and Bos, 1997) . Our data suggest that the PI-3 kinase pathway, which previously has been shown to mediate lamellipodia formation and probably neuritogenesis (van Weering and Bos, 1997) , is also important for mediating neuron survival. PI-3 kinase has also been implicated in neurotrophin-mediated neuron survival (Kaplan and Miller, 1997) . Second, our data point at another important aspect of GDNF/TGF-␤ cooperativity, the stabilization and/or recruitment of the GPI-linked GDNF ␣ receptor GFR␣ (Jing et al., 1996; Treanor et al., 1996) by TGF-␤ after PIPLC-mediated hydrolysis of the GPI anchor. Finally, our results might suggest a role for TGF-␤ in recruiting GFR␣ onto cells, which exclusively express c-ret (Yu et al., 1998) .
Biological significance of the GDNF/TGF-␤ cooperativity
The classic neurotrophic factor concept implies that relevant players are synthesized by the innervated target and retrogradely transported to the cell soma where they exert their functions (Levi-Montalcini, 1987; Thoenen et al., 1987) . With regard to GDNF, its synthesis in the target areas of responding neuron populations (Table 1) as well as retrograde transport (Yan et al., 1995; Tomac et al., 1995b) have been well documented. TGF-␤, on the other hand, represents a local factor acting in paracrine and/or autocrine manners (Sporn and Roberts, 1992; Krieglstein and Unsicker, 1996b ; Table 1 ). TGF-␤2 and TGF-␤3 proteins are localized in close proximity of as well as in neurons within developing ganglia of the peripheral nervous system, motoneurons in the ventral spinal cord, and dopaminergic neurons in the ventral mesencephalon (Table 1) . Studies aiming at revealing a retrograde axonal transport of TGF-␤ have failed so far (Blottner et al., 1996) . Thus, a putative scenario for TGF-␤ and GDNF cooperativity could employ retrograde signaling by GDNF in synergy with local actions of TGF-␤. In addition, both TGF-␤ and GDNF may be derived from identical cellular sources, e.g., cortical and hippocampal neurons Pochon et al., 1997) . The well documented colocalization of TGF-␤ and GDNF in these neurons was the rationale for using a model neuron, the neuroendocrine chromaffin cell, for further characterization of the release mechanism. In particular, chromaffin cells permitted us to use the endogenous stores of GDNF and TGF-␤ rather than overexpressing the growth factors. Consistent with the notion that growth factors are acknowledged modulators of synaptic plasticity (Korte and Bonhoeffer, 1997) , our data provide evidence that GDNF and TGF-␤ both released from chromaffin granules after cholinergic stimulation in a calciumdependent manner. In summary, we have shown that neurotrophic effects that have been attributed to GDN F result from a synergism of GDNF with TGF-␤. Our findings have implications for a general understanding of mechanisms underlying regulation of neuron survival in development and disease, suggesting synergisms of growth factors as an important perspective in f uture studies. Use of GDNF in clinical trials may benefit from coadministration of TGF-␤ or increasing levels of endogenous TGF-␤. Along the same line, effects of heteromeric GDN F/ TGF-␤ complexes may also be exploited for therapeutic interventions. 
